Subsequent to the least cost design problem of water distribution systems (WDSs), optimal operation is probably the most explored topic. Since 1970 a variety of methods have been developed to address this problem. Although the proposed methods give theoretic ways for solving optimal operation problems of WDSs, there are little successful application cases in practice, especially when the methods were used to large scale WDSs due to too many decision variables. In consideration of using fewer decision variables, the two-level optimal method is adopted in this paper. By abstracting pump stations into high level reservoirs, the water distribution system hydraulic model can be modified into a modality, which can be used in first optimal level of two-level optimal method. Also, by building on feasible pump combination database, a new optimal method in the second optimal level will be proposed, and the proposed new method in the second optimal level will be embedded into the first optimal level, so that the problem of results discordant in different levels will be solved.
INTRODUCTION
The operational cost of pumps in a water distribution system (WDS) represents a significant fraction of the total expenditure incurred in the operational management of WDSs worldwide. Pumps consume large amounts of electrical energy for pumping water from source to storage tanks and to demand nodes. Therefore, the goal of a pump scheduling problem is to minimize the total pump operational cost, while guaranteeing a competent network service. In most cases, this problem is equivalent to the minimization of pumping cost, while supplying water to consumers at ade- Conventional optimization methods are not directly applicable for solving such problems, because these methods are suitable mostly for optimization problems which have only continuous variables, therefore population based methods such as evolutionary algorithms and various meta-heuristics were introduced to deal with the optimal pump scheduling problem. Mackle et al. () presented a single objective optimization (electric energy cost) using genetic algorithms (GAs). Then, Savic et al. () proposed a hybridization of a GA with a local search method, in order to optimize two objectives: electric energy cost and pumps maintenance cost. Fang et al. () solved optimization of the pump system with constant and variable speed pumps with multiobjective evolutionary algorithms (MOEAs) combined with a repair mechanism. As a result, evolutionary computation has proven to be a powerful tool to solve optimal pump-scheduling problems (Benjamin et al. ) . Although the methods mentioned above give theoretic methods for solving the optimal pump scheduling problem of WDSs, population based algorithms have the following drawbacks. First, they require a large number of the objective and constraint function evaluations which are not acceptable when these evaluations are expensive. Second, they are inefficient for solving large scale problems. Third, these algorithms sometimes cannot locate a solution with high accuracy and as a result, they may produce only suboptimal solutions (Bagirov et al. ) . In this situation, a two-level optimal concept was addressed on better effectiveness and efficiency of solving the optimal pump scheduling problem. In a methodology based on a two-level optimal concept, the optimal outflow and head of source nodes or elevated storage trajectory are determined in the first optimal level, and the optimal pump schedules will be determined in the second level, so that a complex optimal problem is divided into several relative simpler optimal problems. Ormsbee et al. () proposed a twolevel optimal methodology using elevated tank trajectory as the first level objective, and pump combinations as the second level objective. The optimal trajectory is determined using dynamic programming while the associated pump combination is determined using an explicit enumeration scheme.
Kevin & Kofi () developed a two-level optimal methodology based on Ormsbee's concept, and considered pump switches as a constraint of optimization model. Pump combinations were solved by dynamic programming. Due to the problem of the variables dimension, these methods are only applicable to small to mid-size systems with elevated storage.
Zheng () developed a two-level optimal methodology regarding outflow and head of source nodes as the decision variables of the first level optimal problem. The first level optimal problem is solved by the variable-metric method, and the pump combination result is obtained by the enumeration scheme. Zhang et al. () presented a method using different algorithms to solve optimal pump combination problems for pump stations with or without variable speed pumps in the second level, so that the pump rotary speed can be regarded as decision variables and more rational and efficient pump combinations can be obtained. Yuan et al. () proposed a two-level methodology which determines outflow variables in the first level using the Wilson-Han-Powell method, and determines pump combination and pump rotary speed with a reduced gradient method. With the development of the two-level methodology, more effective and efficient optimal models addressed on large scale WDS optimal operation problems are presented. However, there are still some problems that hinder the optimization method to be applied in practice. In these problems, the most outstanding ones are as follows. (1) Since there is no determined pump schedules, only meta-models can be used in the first level optimization. However, the meta-model is not as robust as a hydraulic model, so the reliability of optimization result is low. (2) Another problem of the two-level optimization is discordant of results in different levels. Since the two levels are solved in totally different phases, the feasibility of the first level result cannot be examined by pump combination information. So sometimes there is no feasible pump combination that can match the result of the first level.
For the purpose of solving these problems, a modified hydraulic model and pump combination database are introduced into the two-level method. By regarding pump stations as high level reservoirs, the hydraulic model of WDSs can be modified into a modality that can be used in the first optimal level of the two-level method, so that the defects of poor effect and low reliability of optimal results of the first optimal level solved with meta-models will be resolved. By building a database on feasible pump combination, a new optimal method in the second optimal level will be proposed. The solving process of the second optimal level will be embedded into the first optimal level, so that the problem of discordant results in different levels will be solved.
OPTIMAL MODEL FORMULATIONS
The only purpose of optimal operation of WDSs is to reduce the electricity cost while meeting hydraulic constraints. In 
Objectives
The pump energy cost depends on the energy price as well as on the amount of energy consumed. The minimum electricity cost objective can be expressed by Equation (1):
where S is the set of source nodes, P i is the power consumed by the ith pump (kw), T is the electricity tariff in the current period (￥/kwh), t is the length of the hydraulic time step
(1 h).
The objective of minimum number of lower pressure service nodes is expressed by Equation (2):
where N is total demand nodes number, H i is pressure of ith node, and H min is the minimum service pressure required at demand node.
The third objective value is the error between two optimal levels. During the second level optimal process, a candidate pump combination will be selected for each solution according to the first optimal level result. In the pump combination database, discrete running conditions of all different pump combinations are recorded. Since decision variables (outflow and head of source nodes) of first optimal level are continuous variables, it is hard to match the first optimal level result by a record from pump combination database exactly. So a neighbourhood region has to be generated by using the hydraulic results of each solution from the first level as central point and a designed length as the broader range. Records that fall into this neighbourhood region can be regarded as candidate pump combinations of this solution, and the flow difference between running conditions of the pump combination record and hydraulic result is the error between two optimal levels of this solution. This objective represents the rationality of the second optimal result. The less the error is, the more rational the second optimal result is. This error can be regarded as a measurement of difference between the modified hydraulic model simulation result and original hydraulic model simulation result. The error objective can be expressed by Equation (3):
where F i is the outflow of the ith source node of the hydraulic result of solution, F i ' is the outflow of the candidate pump combination. θ is the broader range that is set before the optimization process. ∞ is a very large number as a penalty for when no pump combination records fall into the neighbourhood region, it means that for the ith source node, there is no feasible pump combination that can match the first optimal level results.
Constraints
In order to obtain feasible pump schedules, the optimization model must satisfy system constraints that represent its performance criteria. These include hydraulic constraints representing conservation of mass and energy, minimum and maximum limits on tank storage levels, minimum pressures requirements at demand nodes, and a balance between supply and demand from tanks. The hydraulic simulator implicitly handles some of these constraints. In the proposed method, the minimum pressure requirement is regarded as an objective value, so there are no constraints about demand nodes pressure criteria in the optimal model. In this study, EPANET is used as the hydraulic simulator for handling the constraints.
SOLVING METHODOLOGY
In the two-level optimal methods of previous studies, the first level and second level is totally divided as two parts.
The second level will be run after the first level has been done. Since there are no detailed pump schedules in the first optimal level, so the cost objective value can only be calculated based on an average pump efficiency parameter assigned beforehand, and only a meta-model can be used to evaluate fitness of candidate solutions in the first optimal level. The introduction of an average pump efficiency parameter may lead to an error between cost objective values of the first optimal level and the second optimal level, and cannot guarantee the first level result is an optimal one.
The meta-model can only be trained by historical data, so
it cannot be used directly after WDS expansion or rehabilitation, and cannot be used to forecast WDS running condition in scenarios that have not happened, and cannot evaluate hydraulic constraints of the candidate scheme in detail, for example, the meta-model can only evaluate pressure constraints for certain nodes in WDS. These shortcomings of the meta-model make the two-level optimal method not a robust methodology. To avoid these shortcomings, a merged two-level optimal method with a hydraulic simulator is proposed. In order to use a hydraulic simulator in the first level, a modification has to be carried out to the original WDS hydraulic model by transforming the pump stations into elevated reservoirs. In order to avoid the problem of discordance between two levels' results, the second optimal level process will be embedded into the first optimal level, and executed to each candidate solution in every evolved step. The difference between the proposed two-level optimal method and the previous two-level optimal method is shown in Figure 1 .
Building pump combination database
The pump combination database will be used in the second optimal level. The records of running conditions of each pump combination are stored in the database. For each source node, the pumps will first be organized into a set of pump combinations. Then the characteristic curves (Q-H, Q-E curves) of the parallel pump running conditions of each pump combination will be calculated by using characteristic curves of each pump of the combination. In the database, the characteristic curves for each pump combination are recorded by discrete running condition sample points. In each running condition point, the parameters of flow, head, efficiency and power are recorded. The detailed process of building a pump combination database is described below. In general, it is rare to run all pumps in one pump station simultaneously, so a maximum amount of running pumps can be set for the pump station. With this limitation, the records in the pump combination dataset will be smaller, and the efficiency of the enumeration algorithm for the pump combination selection can be enhanced.
The pumps and combinations of example pump station are shown in Table 1 .
In the example pump station, there are three pump types A, B and C and the maximum number of running pumps is 4. The total combinations are listed in the 'combination'
column. Each element in the 'combination' column is combined by pump type and its number (the number in brackets after the pump type), and there is no number and bracket if the number is 1.
For each pump combination, the running condition sample points of the Q-H characteristic curve will be calcu- efficiency of the pump combination can be calculated by
Equations (4) and (5):
where P i is the power of the ith sample point of the pump combination, Ф is the set of pump types in the pump combination, ρ is the density of water and g is the acceleration of gravity, H ki Q ki and e ki are head, flow and efficiency of the pump k at the ith sample point, n k is the pump amount of type k in the pump combination.
where e i is the efficiency of the ith sample point of the pump combination.
After calculation of all parameters of sample points in the pump combination characteristic curves, the results will be stored in database in the format shown in Table 2 .
Optimization method
In the case of multi-objective optimization, instead of obtaining a unique optimal solution, a set of equally good (non-dominating) optimal solutions is usually here to obtain the Pareto set.
Coding and decoding
Since only the head of elevated reservoirs are decision variables, so the number of genes in chromosomes is equal to the number of reservoirs. Because different reservoirs may have different head ranges, each reservoir's head range is discretized into n points by equal intervals, so that the gene code of each reservoir can be coded from a uniform integer gene code pool which is composed of integers from 0 to n, and the searching space becomes smaller. The chromosome string can be represented by an integer array, and each element of the integer array stores a gene code of the chromosome string, and each gene code belongs to the set of (0, 1, 2 …, n). The decoding process is to calculate the head of each reservoir from the gene code, and can be expressed by Equation (6):
where g i is the ith gene code in the chromosome, H i is the head of the ith reservoir calculated from g i , H imin and H imax is low and up boundary of the head of the ith reservoir, n is the size of the gene code pool.
Calculation of individual's objective values and fitness
In the evolving process, the three objective values of each solution are obtained in different levels. In the first optimal level, by decoding chromosome string into reservoirs' water level and by hydraulic simulation, the objective value of lower pressure service nodes amount can be obtained. Since the outflow of each reservoir is calculated in hydraulic simulation, so the optimal pump combination for each reservoir can be selected from the pump combination database according to outflow, head and neighbourhood region. After the pump combination is selected, the electricity cost objective value and error objective value can be calculated. The pump combinations of the simulated period are determined. The pump combinations will be stored in the individual of each solution. After calculation of objective values, solutions will be sorted by a non-dominated sorting method, and assigned rank value. 
Genetic operations
The roulette wheel selection, one point crossover and real valued mutation are used in GA operation of this study.
For optimization problems, the termination condition is also an important aspect that impacts the algorithm's performance. In traditional ways, errors between the last iterations' results can be used as the termination condition.
For example, when the error between the last two iterations' results is less then a designated value then the iteration stops. However, for GAs these kinds of termination conditions may cause a premature termination when GA converges to a local optimal solution. So assigment of a large generation number is a popular method of termination condition in GAs, and this method is used in the proposed merged two-level optimal method. The whole optimal methodology framework is shown in Figure 3 .
The pump operation schedules of each reservoir in the simulated period will be obtained after a run of the merged two-level optimal method. For an extended period of pump schedules operation, the merged two-level optimal method should be run several times equal to time steps in total duration. Table 3 .
Before running of the merged two-level optimal method, the hydraulic model needs to be modified. The modification method is replacing pump links which connect reservoirs with pipe network by pipe links with a check valve. Figure 4 shows the layout of the network.
PS1 is used as an example to show the modifications to the pump stations. In this case, a typical 24 h scheduling period is used to test optimal methodology, and the period is divided into 24 1-hour simulation steps. So the merged two-level optimal model solved by NSGA-II will run 24 times obtain pump schedules for the typical 24 h period. In order to evaluate the average performance of the merged two-level optimal model, 10 runs of 24 h pump scheduling optimization were conducted using different random seeds. Each run is executed with the same GA parameters setting: population size is 100, generation size is 100, crossover probability is 0.6 and mutation probability is 0.1.
RESULTS AND DISCUSSION
Since the pump schedules result is obtained by an enumeration algorithm with a pump combination database and modified hydraulic model, the optimal result should be Table 4 . There are 10 runs of 24 h pump scheduling optimization, so the maximum, minimum and average values of errors between two models are shown in Table 4 .
The values in Table 4 are relative errors that were calculated (7) by Equation (7):
where r 0 is the simulation result of the original model, and r m is the simulation result of the modified model.
In Table 4 the maximum relative error of the two models is less than 0.05. It shows that there is little error between the hydraulic simulation results of the two models. So it is feasible to use a modified model and pump combination database for calculation of objective values in the optimal process as a surrogate of the original hydraulic model. The second concern is the quality of the optimal result.
The quality of the optimal result can be evaluated from two aspects: electricity cost and hydraulic performance of WDS.
A comparison between the optimized optimal pump schedules and the original pump schedule from the aspect of electricity cost is shown in Table 5 .
The original pump schedule is used in the case study WDS in the summer water consumption pattern, and is corrected by years of running experience. With years of correction it is nearly perfect and has little scope to be optimized by experience. Finding better pump schedules for the case study WDS is a challange of the proposed optimization method. From Table 5 it can be seen that each run of the optimal method finds a lower electricity cost pump schedule, and the average reduction of electricity cost is more than 5%. So the proposed method has the ability to find a better pump schedule for WDS's electricity cost reduction. Figure 6 shows the electricity cost reduction of 10 runs of the two-level optimal method. The solid line and dashed line express the maximum and minimum electricity cost reduction among 10 runs. The area between the two lines is the band that represents the electricity cost potentiality found by the merged two-level optimization.
Most of the band area is above the abscissa axis, it means in most cases the optimal method found pump combinations with lower electricity cost. For the case network, most cost reductions were achieved at night. This indicates that the original pump schedule for the night hours has room for improvement. Table 6 shows the comparison of lower service pressure nodes between the original pump schedule and the optimal pump schedules.
It can be seen from Table 6 that lower service head nodes in the test network with optimal pump schedules are much less than the situation with the original pump schedule. It shows that the proposed method has the ability to find solutions which not only reduce the electricity cost but also enhance the hydraulic performance of WDS. By transforming the lower service pressure constraint into an objective function in the optimal process, better solutions in both cost saving and hydraulic performance enhancement were found. Since there are no penalty functions or weighted coefficients used in the optimal process, the unreasonable setting of penalty functions or weighted coefficients is avoided. This makes the merged two-level optimal method a robust method in finding better solutions of lower cost and high hydraulic performance.
One thing that should be considered but is not discussed in this study is pump ON/OFF switch times. Because the optimization for each 1-hour simulation step is implement isolated, so the pump switch times during the 24 h pump scheduling optimization could not be concerned in the optimal process. Table 7 shows the average times of each pump type in the pump stations. Since the optimal result is shown in the format of pump combination with pump type and its number for each pump station, the optimal result does not give the operation schedule for each pump, so the average times of Table 7 , and the average pump switch times of original pump schedule are also shown as a comparison.
From Table 7 it can be seen that the pump switch times of optimal result is obviously higher than switch times in the original pump schedule. A reasonable explanation for the increase of pump switch times is that to meet the objective of electricity cost reduction, the selected pump combination for each 1-hour simulation step should meet the water consumption in WDSs more precisely, so that running pumps can stay in a high efficiency state, however, this can also cause a situation of high frequency of ON/OFF switches of pumps. So when consumption demand changes the pump combination tries to find a high efficiency pump combination to attain the minimum electricity cost objective. The important thing is that the pump switch times should stay in an acceptable range. Since there is no tradeoff between electricity cost reduction and pump switch times, so the result of high pump switch times occurred in the proposed methodology. Although the pump switch times are higher than the original pump schedule, the optimal schedules of most pump stations are acceptable. The maximum number of simultaneously running pumps in each pump station in the WDSs is set as 4, so certain pump types with spare pumps have a relatively lower average pump switch time because the total switch times can be shared by relatively more pumps, for example, there are seven pumps of type 10-LN-13 in PS7, and the maximum pump switch times of this type is 11 during a whole 24 h pump schedule period. Divided by seven, each pump only experienced 1.57 ON/OFF occurrences in 1 day. An extreme case of high switches is the pump of 14sh-13A in PS4, because there is only one pump of that type in the pump station, so all switches will act on this pump. In this case, an operation schedule modification for certain pumps should be carried out manually.
The computational effort required by the merged two-level optimal method was measured when run on a Core 2 Duo T6500 (2.10 GHz) with 2048 kb of cache size running under Windows XP. The mean computation time required for one run of one hydraulic simulation step of the case network was 1198 s, while it was 7.99 hours for a 24 h pump schedules optimization with a hydraulic step of 1 h. Since each optimal process for every simulation step is run totally separately, the total computation time can be shortened by parallel runs of optimal program in one computer or several computers.
CONCLUSIONS
By introduction of a hydraulic model and pump combination database, a merged two-level optimal method for WDS optimal pump operation is proposed. By transforming the pump station of the original hydraulic model into an elevated reservoir, the modified model can be used in the first optimal level for evaluation of hydraulic performance of candidate solutions, and the defects of fallibility and incomplete hydraulic performance evaluation of meta-model are avoided and more reliable solutions can be obtained. By building a pump combination database, the enumeration algorithm is used in the second optimal level, and the complexity of second optimal level is reduced significantly. This makes it possible to run the second optimal level process to each solution in each evolving step of evolution algorithms, so that the second optimal level can be embedded into the first optimal level to form a merged two-level optimal methodology. Be embedding the second optimal level into the first optimal level, the solutions without a feasible pump combination will be eliminated and lead the solving process These measures solve the problems of unreasonable penalty functions or the setting of weighted coefficients that occur in optimization methods using single objective optimal models.
Since there is no limitation for maximum pump switch times in the optimal process, sometimes results with a high frequency of pump switches will be obtained by the proposed method. In this case, a manual modification to optimal results should be carried out before pump schedules are put into effect.
